Introduction
Spectrum of water leaving radiance depends strongly on seawater Inherent Optical Properties, IOPs 1 . To retrieve IOPs from satellite ocean color data, several models have been developed which enable estimation of the IOPs and optically active components simultaneously [2] [3] [4] [5] [6] . For these models, an inverse technique is usually applied that consists of two major steps: deriving IOPs from remote sensing reflectance just above the sea surface, R RS , and then quantification of optically significant seawater components -chlorophyll a, C a , total suspended matter, TSM, and colored dissolved organic matter, CDOM. The most comprehensive review summarizing the existing approaches for solution of the inverse ocean color task was given in the Report № 6 of the International Ocean Color Coordination Group 2 and some applications for the Black Sea [3] [4] [5] [6] . There are two commonly used methods to increase accuracy of the inverse algorithms: -approximations that link remote sensing reflectance just above the water surface, R RS (λ), to the IOPs; -parameterizations of the IOPs as functions of their values at a reference wavelength. The development of bio-optical algorithms and validation of remote sensing primary products require comprehensive data set of in situ measurements of inherent and apparent optical properties as well as optically active components of the seawater. In the Black Sea only two experiments with simultaneous measurements of the IOPs and R RS (λ) have been carried out 7, 8 , which support a better exploitation of satellite ocean color data. Bio-optical properties of the Black Sea were measured in greater numbers of scientific campaigns [9] [10] [11] [12] [13] [14] [15] [16] [17] . These bio-optical data are used for algorithms development, but part of these data is not acceptable for satellite ocean color products validation and, mainly because of their closeness to the shore (<2 miles), cloudiness on the time of satellite overpasses over the sampling area and differences in center wavelengths of the in situ and satellite radiometers 18 and other specific factors 19, 20 . To overcome these limitations satellite measurements of R RS (λ) can be used 3, 21 to retrieve seawater IOPs as well as constituent concentrations by inverting a regional bio-optical direct model.
In this paper we describe a regional bio-optical algorithm for retrieving IOPs developed for the Black Sea based on thirteen years SeaWiFS data taking into account specific bio-optical properties of the Black Sea basin 22 . Set of the estimated IOPs includes:
-b bp (555) is particle backscattering coefficient at 555 nm; -n p is spectral slope of the b bp (λ); -a CDM (490) is total absorption coefficient by dissolved and non-algal particles at 490 nm; -S is spectral slope of a CDM (λ); -C a is chlorophyll a concentration; -type of solution is a parameter which contains information of the spectral features of phytoplankton absorption coefficient 6 .
Data and Method

Satellite data
Daily time series of normalized water leaving radiance (nLw) for the first five visible spectral bands of the SeaWiFS from September 1997 to December 2010 over the Black Sea region were acquired as level-2 GAC files (identified as R2014.0 reprocessing) from Goddard Space Flight Center (GSFC) of the National Aeronautics and Space Administration (NASA). The satellite data were converted to remote sensing reflectance R RS (λ) by dividing nLw(λ) values to extraterrestrial solar irradiance F 0 (λ). The original data were interpolated to a 0.035 o x0.025 o grid. To reduce the effect of cloud cover, half-monthly composite images were computed by averaging all available data for each fortnight. In order to eliminate the low-quality pixels selection criteria was applied to the each daily image. The selection of for further analysis was restricted to those that meet the following requirements:
-R RS after atmospheric correction is higher than 0 at all bands; -none of the pixels are affected by the standard level 2 flags of the processing code which exclude cloud, sun glint or stray light conditions 3, 21 ; -number of iterations for atmospheric correction should not exceed default SeaDAS value 23 . The approach proposed for retrieval IOPs from satellite information is based on spectral index I(λ) calculated as band ratio of the nLw(λ) at 412, 443, 510, 490 and 555 nm (see Appendix, Table 3 ).
In situ measurements
Sea water samples for the estimation of phytoplankton taxonomic structure were collected in the western open Black Sea during 1998 to 1999 13 .
Study area
For the purpose of this study, in the Black Sea six sub-regions were designated. Five of them are located in the open Black Sea (>200 m) and one is situated on the shallow Northwestern shelf where river discharge strongly effects on the hydrodynamic regime and ecological possesses in this region (Table 1) . The regional bio-optical algorithm is based on Black Sea IOPs, which are calculated from spectral remote-sensing reflectance provided by SeaWiFS. The algorithm is based on the iteration technique that obtains solutions for the IOPs in each node of the R RS (λ) grids. The results of one iteration are used as the starting point for the next iteration. At each iterative process, the different components of the IOPs set are determined from input data. The minimum and maximum numbers of iterations are set up to 2 and 3, respectively. In order to refine the algorithm, three-steps iteration scheme was applied (Table 2 ), as at each step for a given spectral band consecutively all IOPs components were determined. 
At the first step of the 1 st iteration of a CDM (490) and C a values were computed and type of solution was estimated. The input data S, b bp (555) and n p were considered to be equal to 0.018 nm 1 presents examples of the modeled R RS (λ) spectra calculated at the 1 st iteration process using an averaged SeaWiFS data for the first half October, 1997 in the node with geographical coordinates 42.95°N and 35.60°E. This location corresponds to the in situ data 17 measured on 7 th October 1997. The modeled spectra were calculated for visible spectral domain (400 nm to 700 nm) based on equations and constants presented in Table 4 (see Appendix) and Exact model-2 24 .
The modeled R m,RS (λ) spectra at the 1 st iteration are in good agreement with in situ measurements that indicates the reliability of atmospheric correction in this location. . The regional algorithm provides two types of solution -"Deep" and "Shelf". Generaly "Deep" solution is applied for open Black sea while "Shelf" -for the coastal optically complex waters 26 . Sign of the second derivative of k(λ) shape with respect to a wavelength determines a type of solution 6 : positive sign identifies the "Deep" solution, negative onethe "Shelf" solution (more details see Appendix).
Results
Half -monthly composite maps of IOPs
Long term average IOPs maps
The distribution of long term average IOPs for the second half of March is presented on Fig. 3 . The patterns of b bp (555), n p and a CDM (490) are very similar to each other: lower values are registered in the deep-waters part of the Black Sea, higher -in the coastal areas with maximum close to river estuaries. Spatial distribution of C a is characterized with higher chlorophyll concentrations in the central deep-waters part of the Black Sea in comparison with coastal areas, which is likely to results of the early spring phytoplankton blooms. In summer, C a follows spatial distribution of b bp (555), n p and a CDM (490) (Fig. 2) . Analysis of variability of a CDM (λ) spectral slope shows lower values in the western open Black Sea than in eastern part 28 and a pronounced pick during summer in the offshore regions 29 .
Functional relationships of IOPs
Relationships between the IOPs components of six sub-regions are presented on Fig. 4 . This analysis is based on halfmonthly averaged SeaWiFS data for the period from September 1997 to December 2010. It should be noted that n p and S unlike the other IOPs parameters represented the quality (size structure of the particles in the sea water and their absorption features), rather than quantity characteristics (C a , a CDM (490), b bp (555)) of the optically active components of the sea water. The functional relationship between particular IOPs components of the Black Sea was studied by Suetin and Kopelevich 3, 18 .
The analysis reveals poor correlation between IOPs components (a CDM (490), b bp (555) and C a ) associated with concentration of optically active components, which indicates on Case 2 waters 30 - Fig. 4b, d , e. The relationship between IOPs, characterizing functional properties (light scattering by particles and light absorption) of optically active components of seawater are presented on Fig. 4b , e. One-parameter relationship is found for b bp (555) and n p. The maximum of n p corresponds to the highest values of b bp (555) and vise versa (Fig. 4c ). An insignificant correlation is determined between a CDM (490) and S (Fig. 4d) . It was estimated, that n p and S varied in a range 0.5÷2.0 nm -1 and 0.010÷0.045 nm -1 , respectively (Fig. 4a ).
Annual cycles of both C a in situ measured and simulated by model for period from January to December 1998 in the subregion 5 are shown on Fig. 5a . Histograms of S and a CDM (440) derived from half-monthly averaged SeaWiFS data for the period from September 1997 to December 2010 are presented on Fig. 5b , c. Seasonal dynamics of modeled C a values 12, 13 as well as averaged values of S (0.018 nm -1 and 0.020 nm -1 , according to 14 ) and a CDM (440) (0.097±0.026 m -1 and 0.080 ± 0.032 m -1 after 31 ) for coastal-and deep-waters of the Black Sea are corresponding well to in situ measurements.
Regional approach for assessment of Phytoplankton Functional Types
Nowadays monitoring and identification of different phytoplankton groups base on remote sensing is one of the major scientific challenge of satellite oceanography. Currently there are several PFT (Phytoplankton Functional Types) algorithms that have been developed for the global and basin scale applications [32] [33] [34] [35] [36] [37] . In this study, we proposed a regional approach for determination of phytoplankton groups that was based on relationship between spectral characteristics of satellite derived IOPs (S and n p ) and specific characteristics of the phytoplankton taxons.
The phytoplankton data used in the work were collected in the central western Black Sea 13 from 1998 to 1999. The data for further analysis were selected by the following criteria:
-contribution of one of three phytoplankton taxonomic groups (diatoms, dinoflagellates or coccolithophores) to the total phytoplankton biomass (δ) is higher than 70% (Fig. 6a -diatoms, Fig. 6b -dinoflagellates, Fig. 6c -coccolithophores) ;
-contribution of two of three phytoplankton groups the total biomass is higher than 80%, and δ for each groups is less than 70% (Fig. 6d -diatoms and dinoflagellates, Fig. 6e -diatoms and coccolithophores and Fig. 6f -dinoflagellates and coccolithophores) .
Corresponding pairs of the IOPs at location of in situ measurements are displayed on two-dimensional space {n p, S} (Fig.  6) . The maximum number of combinations that could be set up for the three phytoplankton groups (diatoms, dinoflagellates and coccolithophores) is 6. The points (symbols) in upper and leftmost areas of the plot related to domination of micro-fraction in phytoplankton community (Fig. 6a -diatoms , sum of diatoms and dinoflagellates - Fig.  6d and Fig. 6f sum of dinoflagellates and coccolithophores) . On Fig. 6e the left points corresponds to mixture wherein the contribution of dinoflagellates to total biomass is 50%. Points of the leftmost area of the plot are associated with dominance of coccolithophores (Fig. 6c, f) . Thus, two groups of phytoplankton are allocated: micro-(upper and leftmost areas of the plots) and nano-(upper right area). However, the micro-phytoplankton area can be divided in two clustersupper and lower. According to Fig. 1b to 6 , in March and April 1998, the correlation between R RS (555)/R RS (510) and R RS (510)/R RS (490) was negative, in contrary for the other months of 1998 and March and April 1999 where coefficient of determination was positive, that was reported as absorption of specific pigment of cyanobacteria 6 . Based on that, the group of points distributed in the area around the upper corner of the plots is allocated in separate cluster which is linked to presences of pico-phytoplankton (cyanobacteria). Furthermore, the points located in the lower corner of the twodimensional space are phenomenologically associated with presences of non-algal particles (NAP) and/or colored dissolved organic matter, CDOM. The spectral slope of the absorption coefficient of NAP in the Black Sea is ~0.010 -0,013 nm -1 38 . The results of analysis are summarized in Table 2 and presented on Fig. 7 . Half-monthly composite maps for identification of micro-, nano-and pico-phytoplankton as well as CDM are constructed for the period from September 1997 to December 2010 based on criteria listed in Table 2 and satellite derived data for n p and S. A complete set of these maps are available on http://blackseacolor.com/browser16.html 39 .
An example of spatial-temporal distribution of the clusters into two-dimensional space {n p , S} for 1998 is presented on Fig. 8 . There is a good correspondence with in situ data 13 for the western open Black Sea in June and December 1998, when domination of nano-phytoplankton in total biomass was registered.
Discussions
The present study can be considered as advanced version of the previous research 6 . The main progress can be summarized as follows:
-number of satellite derived IOPs components has been increased by applying a regional algorithm using information of entire R RS (λ) spectrum; -accuracy of the algorithm has been improved by sequentially applying a three -steps iteration procedure; -the regional algorithm allows obtaining a unique solution of the inverse ocean color task that previously was impossible because of intersection of "Deep" and "Shelf" solution in the R RS (λ) ratio space.
However, there are still remaining some unsolved issues which are:
-the algorithm defines two types of solution, so-called Deep and Shelf. Each of them is determined by its fixed set of k(λ). In fact, k(λ) is a function of quantitative and qualitative characteristics of the phytoplankton pigments. But the phytoplankton composition in the sea surface has seasonal and spatial variability, that should lead to alteration of k(λ) 31 . Therefore, using only two fixed solutions can be considered as the first approximation to solution; -there is a contradiction between experimentally defined values of k(λ) with those used in the model.
The regional algorithm for inherent optical properties, IOPs, such as particle backscattering coefficient at 555 nm, spectral slope of particle backscattering coefficient, light absorption coefficient of sum of colored dissolved organic matter and non-algal particles at 490 nm, spectral slope of CDM absorption coefficient, and chlorophyll a concentration derived from SeaWiFS level-2 data, has been developed for the Black Sea.
A set of half-monthly composite maps of b bp (555), a CDM (490), C a, n p , S averaged over 4 km grid cells are constructed based on SeaWiFS data for the period from September 1997 to December 2010. Complete set of the maps is available on http://blackseacolor.com/browser12.html 27 .
The result of analysis confirms the thesis that the Black sea waters are Case 2. Insignificant correlation has been found between particle backscattering coefficient and light absorption coefficient of dissolved organic matter and non-algal particles as well as between chlorophyll a concentration and total absorption coefficient of dissolved organic matter and non-algal particles. The obtained result confirms the thesis that the Black sea waters are Case 2.
The regional approach has been developed for identification of optically active components as well as phytoplankton size class.
A set of half-monthly composite maps of identified micro, nano-and pico-phytoplankton as well as CDM are created for the period of SeaWiFS lifetime http://blackseacolor.com/browser16.html. where a w is clear seawater absorption coefficient 42 , a CDM is sum absorption of detrital matter, a ph is phytoplankton absorption coefficient. a CDM (λ) was determined using a curve of the form a CDM (λ) = a CDM (λ 0 )⋅exp(-S⋅(λ-λ 0 )), where λ 0 is 490 nm, S >0 is spectral slope of a CDM (λ).
Appendix. The description of the variables
where λ 0 is 490 nm. Table) and (b) retrieved model R m,RS (λ) spectrum after third iteration. n , dimensionless Table 1 ) from 1998 to 1999 (more details see in text).
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